This report describes the isolation and preliminary characterization of a new pigment-protein complex from the chromophyte alga, Ochromonas danica. The pigment-protein complex was obtained by extracting a thylakoid membrane preparation with the zwitterionic detergent lauryidimethylamine oxide followed by ultracentrifugation on sucrose gradients. The pigment-protein complex has been characterized by sodium dodecyl sulfatepolyacrylamide gel electrophoresis, absorption spectroscopy, and low temperature (77 Kelvin) chlorophyll fluorescence spectroscopy. A polypeptide with a monomeric molecular weight of 31,000 as determined by denaturing sodium dodecyl sulfatepolyacrylamide gel electrophoresis was the major constituent of this pigment-protein complex. The major pigment in this complex was chlorophyll a, although an as yet unidentified carotenoid was also present. There was no evidence for the presence of chlorophyll c.
Photosynthetic organisms have evolved a diversity of pigment-binding proteins that are responsible for the absorption of light energy and its subsequent transfer to the reaction centers. Variation in these pigment-proteins can be described in terms of the types of bound pigments, their primary sequence, the secondary structure of the polypeptide chain, and the relationship of the complex to the membranes containing the reaction centers. In eukaryotic algae, cyanobacteria, and higher plants, the pigment-proteins that are closely associated with PSI and PSII reaction centers are conserved (4, 15, 16 a/c/fx3 binding protein that is present in a number of algal phyla (for reviews, see refs. 15, 20, 26) .
Organisms that synthesize a Chl a/c/fx pigment-protein complex comprise the major fraction of the super-phylum Chromophyta, which consists of those algae in which Chl c and xanthophyllic carotenoids act as accessory antenna pigments to Chi a. It has been estimated that these algae are responsible for 30 to 50% of the global primary productivity (8) . However, relative to other photosynthetic systems, surprisingly few studies regarding the composition of their antenna proteins, the organization of antenna components within the thylakoids, and the path of energy transfer within the antenna components have been reported. This can be attributed both to (a) the paucity of research on these algae and (b) the need to develop new methods for the extraction and fractionation of pigment-protein complexes from chromophyte algae. These algae have been notoriously resistant to conventional methods for the extraction and fractionation of pigment-protein complexes that have been successfully used in spinach and other more traditional systems (7, 9-11, 17, 19, 20, 25, 26) .
There is general agreement that the polypeptide responsible for binding Chl a and c and the xanthophyllic carotenoid, fucoxanthin, has a molecular mass of 16 to 20 kD (3, 7, 9-12, 17, 25) . This Chl a/c/fx binding protein appears to be analogous to the Chl a/b binding proteins in several ways. The pigments are noncovalently bound to the polypeptide chain and, although the details of the topology of this protein with regard to the thylakoid membrane are unknown, the requirement for detergent to extract the native complex implies an intrinsic association with the membrane. Based upon studies of the in vitro translation of poly(A) RNA species and studies that used inhibitors of protein synthesis, Fawley and Grossman (10) concluded that the Chl a/c/fx binding polypeptide was synthesized in the cytoplasm in a precursor form that was subsequently imported into the chloroplast and processed to the mature form.
In a previous report from this laboratory (13) , wavelengthdependent changes in the 77 K Chl fluorescence emission spectra and the room temperature fluorescence yields of the unicellular chromophyte alga Ochromonas danica were dem-'Abbreviations: a/c/fx, Chl a,c fucoxanthin; LDAO, lauryldimethylamine oxide. 381 onstrated. These changes in fluorescence have been previously associated with the light-state transition. Although these changes have not yet been correlated with changes in the photochemical yields of PSII and PSI, 0. danica is the first alga containing an a/c/fx binding protein in which these changes have been observed. Therefore, 0. danica should prove to be a useful organism in which to study the role of the Chl a/c/fx binding protein in the distribution ofexcitation energy to PSII and PSI. With this objective in mind, we began to develop the means by which biochemical studies could be done using the plastids of 0. danica. To our knowledge, no such studies have been previously reported.
One requirement for such a detailed understanding of antenna function is a knowledge of the antenna protein components that are present in the thylakoids. With regard to its photosynthetic apparatus, 0. danica is a typical Chromophyte alga according to the following criteria.
1. The thylakoid membranes are organized into bands of three, which are appressed along their entire length ( 14) . This organization is similar to some green algae; however, it should be emphasized that there is currently no evidence to indicate a lateral heterogeneity of membrane complexes (2 
MATERIALS AND METHODS Growth Conditions
Ochromonas danica cells were grown in 1.0 L of Ochromonas medium as previously described (14) . Chi a Determination Chl a was measured in 80% acetone extracts (29) . Because Chl c is present in only trace quantities in 0. danica (1), all measurements were based solely upon Chl a concentrations.
LDAO Solubilization of Membranes
Membranes equivalent to 0.5 mg Chl a (500-1000 ,uL) were solubilized in LDAO (stock [LDAO] was 1% in buffer B) at ratios of 20:1 to 40:1 LDAO:Chl a. There was some variability in the most effective LDAO:Chl a ratio for each preparation; however, ratios within the range of 20:1 to 40:1 were generally effective. This variability was attributed to the use of Chl a as an indicator of the amount of membrane protein. The solubilization mixtures were adjusted to 3.0 mL with buffer B, and samples were incubated on ice for 4 h in the dark. Following this incubation period, 900 mg solid sucrose was added to each tube to give a final sucrose concentration of 30% (w/v). The sucrose was brought into solution by stirring in the dark at room temperature and samples were loaded immediately onto sucrose gradients.
Sucrose Gradient Fractionation
Sucrose gradients were prepared according to the following method. A continuous gradient was formed by freezing 7.0 mL of a solution of 12.5% sucrose and 0.2% Triton X-100 in buffer B in 11.0 mL Beckman ultracentrifuge tubes. These tubes were then allowed to thaw at room temperature (1-2 h). The sample (3.0 mL) was carefully pipetted underneath this gradient. A 50% sucrose cushion (1.0 mL) was then carefully pipetted underneath the sample. The Unless otherwise noted, proteins were solubilized by boiling for I min in SDS buffer that consisted of 50 mm Tris-HCl (pH 6.8), 3% SDS, 10% glycerol, 3% 3-mercaptoethanol, and 0.001 % bromophenol blue. Electrophoresis was performed using 19.0 x 7.0 x 0.8 cm gels according to Laemmli (18) .
Spectrophotometric Characterization
Spectra were acquired directly from fractions collected from the sucrose gradients. Fluorescence emission and excitation spectra were measured at 77 K using a SPEX Industries Fluorolog fluorimeter as previously described (13) . Absorption spectra were obtained at room temperature using a Beckman DU 64 spectrophotometer. To demonstrate that 0. danica contained a Chl a/c/fx binding protein similar to those reported for other chromophyte algae, the denatured polypeptide patterns of 0. danica cells were investigated. This was most easily accomplished by precipitating 0. danica cells in 5% TCA, which minimized artifacts due to proteolysis. The polypeptide pattern that was obtained following denaturing SDS-PAGE is shown in Figure  1 , where it is compared to the polypeptide patterns obtained from a 5% TCA precipitation of Synechocystis sp. PCC 6803 cells and that of crude spinach thylakoid membranes prepared according to Mullet et al. (22) 
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Isolation of a Chi a, Carotenoid Binding Protein and Characterization by SDS-PAGE
When thylakoid membrane fractions of 0. danica were extracted with LDAO and fractionated on sucrose gradients, several green bands were obtained that were carefully removed and characterized. The composition of most of these bands remained complex, which prevented conclusions as to which polypeptide components were pigment binding, and these results will not be presented. However, a dark green band located at the top of the gradient (immediately below free carotenoid) yielded an exceptionally clean polypeptide pattern when analyzed by denaturing SDS-PAGE (Fig. 2) . The major constituent was a polypeptide with an apparent molecular mass of 31 kD, which co-migrated with a major band in the SDS-PAGE pattern of unextracted thylakoid membranes (Fig.  2) . A combination of SDS, heat, and f-mercaptoethanol was used to denature the pigment-protein complex. This should induce complete dissociation of the complex into its constituent pigments and monomeric polypeptides. As no polypeptides were observed in the 15 was concluded that the 31 kD polypeptide was not a dimer of the Chl a/c/fx binding protein that migrated with an anomously high migration rate. Two faint bands, which migrate directly above this polypeptide, were also routinely observed. The identity of these bands will be speculated upon in the "Discussion." Occasionally, a faint band with an apparent molecular mass of 62 kD was also observed. This band was heat sensitive and was lost if samples were boiled for 1 min in SDS buffer prior to gel electrophoresis; this band may represent a dimeric form ofthe 31 kD polypeptide (see below). Figure 3 summarizes the results of an experiment designed to answer two different questions: (a) Can further polypeptides be resolved if a more sensitive staining technique is used? (b) By altering the solubilization conditions of the complex prior to SDS-PAGE, can the putative dimeric form be stabilized? The results shown in Figure 3 clearly argue that the major polypeptide of this fraction has a monomeric molecular mass of 31 kD. The results also indicate that the approximately 62 kD band, which is only faintly observed in Coomassie brilliant blue-stained gels, is actually present in comparable quantities as the 31 kD polypeptide when samples are not heat treated prior to electrophoresis. The most straightforward interpretation of the loss of the approximately 62 kD polypeptide when samples are heated prior to electrophoresis is that the approximately 62 kD polypeptide is a dimeric form of the 31 kD polypeptide, which is unstable at elevated temperatures.
f3-Mercaptoethanol (1 %) had an unusual effect on the staining properties of the protein. When the pigment-protein complex was solubilized in the absence of f-mercaptoethanol, a stain-excluding region was formed on the gel. The reason for this f-mercaptoethanol-dependent sensitivity of the polypeptide to silver staining is not known. Other polypeptides that migrated in this region of the gel were easily stained with silver, and, therefore, it is not likely that lipids or other material that might affect the staining process interfered. As a control, an exact duplicate of this gel was stained with Coomassie brilliant blue and, regardless of the conditions that were used to denature the complex prior to electrophoresis, the pattern observed was identical to that reported in Figure  2 , lane 3. We do not have any explanation for the susceptibility of the 31 kD polypeptide to silver staining.
The absence of other polypeptides in the SDS-PAGE patterns can be taken as strong evidence that the 31 kD polypeptide is a pigment-binding protein. However, to confirm that the pigment and protein were structurally associated and not the result of co-purification, the following controls were performed. (a) A 400 qL aliquot of this band was diluted 1:10 in buffer B and the sample was centrifuged at 100,000g for filter unless excessive detergent was added to the sample. This observation provides further evidence that the pigment-protein complex is isolated in some oligomeric form on the sucrose gradients.
Absorption Spectroscopy
Absorption spectra of this pigment-protein complex are shown in Figure 4 . Peaks at 437 and 672 to 674 nm are most likely due to Chl a. However, Childe a has similar spectral bands as Chl a (7) and, because an active chlorophyllase has been reported in chromophyte algae (24) , this possibility should not be prematurely eliminated. Caron and Brown (7) estimated that up to 50% of the Chl a in the three Chl a/c/fx antenna complexes that they isolated from Phaeodactylum tricornutum was due to Childe a. The absence ofan absorption maximum at 465 nm indicates that Chl c, if present, cannot be detected. The absence of Chl c would not be surprising, as 0. danica contains relatively low quantities of Chl c compared with other chromophyte algae (1) , and the Chl c that it does contain is most likely bound by the a/c/fx binding protein.
Maxima at 417 to 419 nm and at 478 nm have been attributed to carotenoids (5) ; however, the identity of the carotenoid in this complex is more difficult to assign. In vivo fluorescence excitation spectra indicate that at least two major carotenoids are present in the light harvesting antenna of 0. danica cells (13) . A broad peak, which absorbs at 495 nm and extends out to 550 nm, is attributed to fucoxanthin. A second, sharper maximum is present at approximately 478 nm and could be either violoxanthin and/or fl-carotene, both of which have in vivo maxima close to this wavelength. As there was no evidence from the absorption spectra or the 77 K Chl fluorescence emission spectra that pigment-polypeptide interactions were affected by the isolation protocol, the 478 nm peak is most likely not fucoxanthin, which exhibits dramatic bathochromic shifts when the carotenoid polypeptide interaction is disturbed (17) . In the absence of a more detailed biochemical analysis, no conclusions will be made on the identity of this carotenoid.
Fluorescence Spectroscopy Figure 5 shows the 77 K fluorescence excitation spectrum of the pigment-protein complex. It can be seen that there are two major peaks at 438 and 672 nm in the excitation spectra that correspond to two of the maxima in the absorption spectrum. However, in the absorption spectrum, there is also a major peak at 478 nm, and this maximum is absent from the low temperature excitation spectrum. This discrepancy between the absorption spectra and the fluorescence excitation spectra indicates either that there was an uncoupling of energy transfer from carotenoid to Chl a or that the carotenoid is not photosynthetically active.
In Figure 6 , low temperature fluorescence emission spectra for this pigment-protein complex are presented. An interesting property of the spectra is that they are a function of the detergent:Chl ratio that was used to solubilize the thylakoid membranes. At higher LDAO:Chl ratios (e.g. 40:1), a single emission peak at 686 nm is obtained that is consistent with emission arising from an accessory antenna complex (3, 7, 27) or from CP43 (4, 23) . When lower detergent:Chl ratios were used to solubilize the thylakoid membranes, components that fluoresce at 692 nm and 710 nm were also evident. There is less information in the literature regarding fluorescence maxima at 710 nm; however, it may be worth noting that it has been associated with antenna components of PSI fractions (30) . The polypeptide content of these samples, which were extracted under different detergent:Chl ratios, was identical as assessed by SDS-PAGE. Therefore, the effect of increasing the detergent concentration of the 77 K Chl fluorescence emission spectra is interpreted to indicate that at higher detergent:Chl ratios, Chl a forms that fluoresce at 686 nm uncouple from those species in the core complexes that fluoresce at longer wavelengths.
As a final comment on sample integrity, it should be noted that no fluorescence at 670 to 675 nm was observed. This indicates that there was no detectable free Chl in the fractions that were collected from the sucrose gradients and further supports the argument that minimal disruption of the pigment-polypeptide interactions occurred during the isolation protocol.
DISCUSSION
At least two distinct types of accessory antenna protein are incorporated into the thylakoid membranes of 0. danica. A Chl a/c/fx binding protein with a molecular mass of 20 kD is characteristic of those chromophyte algae in which the carotenoid fucoxanthin is photosynthetically active. In addition to the Chl a/c/fx binding protein, a second, previously undescribed pigment binding protein was isolated by extraction of 0. danica thylakoid membranes with LDAO. Although the denatured polypeptide has an apparent monomeric molecular mass of 31 kD, the formation of higher order structures within the thylakoids is likely based upon the observation of a putative dimeric form when the isolated pigment-protein is not heated prior to electrophoresis. This polypeptide binds Chl a together with an unidentified carotenoid, which has an absorption maximum at 478 nm. There was no evidence from the absorption spectra for the presence of Chl c in this pigment-protein complex.
The 77 K fluorescence emission spectrum for this pigmentprotein complex provides evidence that the 31 kD polypeptide is structurally and energetically associated with PSII centers in vivo. This energetic association can be disrupted by increasing the LDAO concentration used to extract the complex from the thylakoid membranes. At higher detergent:Chl ratios, a single emission peak at 686 nm was observed that most likely is due to fluorescence emitted by Chl a species bound by the 31 kD polypeptide. When lower detergent:Chl ratios were used to extract the pigment-protein complex, additional longer wavelength emission maxima were observed at 692 and 708 nm. The maximum at 692 nm has been attributed in the literature to core PSII components (23) . The fluorescence emission component at 708 nm has been less frequently observed and its origin, therefore, is more difficult to assign.
However, a similar emission maximum has been observed in a PSI-associated fraction from the endosymbiont, Prochloron (28) , as well as from the green alga, Chlammydomonas reinhardtii (30) . Further study will be required to clarify this point.
An association ofthe 31 kD polypeptide with PSII is further supported by the observation that there are two bands that migrate immediately above this polypeptide on SDS-PAGE. These two bands may correspond to the DI and D2 polypeptides of the core complex of PSII. This argument is based upon their apparent molecular mass, the similarity of their 77 K fluorescence emission spectra to those of other PSIIenriched fractions from other photosynthetic organisms, and preliminary Western blotting experiments. (A cross-reaction of the isolated pigment-protein complex from 0. danica thylakoids was observed with antisera directed against the core complex of PSII from spinach thylakoids). The ease with which this protein can be isolated in a highly purified form will facilitate studies on its taxonomical distribution within the diverse chromophyte algal phyla as well as studies on the evolutionary relationship of this polypeptide to other light-harvesting antenna proteins. It should not be difficult to screen rapidly for the presence or absence of this pigment-protein complex in other chromophyte algae using Western blotting techniques. Homology to other light-harvesting antenna proteins can be most directly resolved by a comparison ofthe primary sequence ofthis 31 kD polypeptide to the primary sequences of other known pigment-binding proteins. In preliminary studies with antisera to CP24 and LHC2 of spinach thylakoids, no cross-reaction was observed to the 31 kD polypeptide. However, a partial reaction of the 20 kD a/c/fx binding polypeptide to these antisera was observed, which is consistent with a previous report (19) and primary sequence data (21) . therefore, homology to the family of Chl a/b binding proteins does not seem likely. Several alternative candidates for homology remain that include the Chl a/b binding protein of Prochlorothrix hollandica (6), the Chl a, Peridinin complex of dinoflagellates (26) , and the cyanobacterial Chl-a complex VI-4 (27) . However, these suggestions are based largely on a common mol wt and the absence of common immunogenetic epitopes as the Chl a/b family of proteins and, therefore, are purely speculative.
